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The sensitivity of direct detection of dark matter (DM) approaches the so-called neutrino floor
below which it is hard to disentangle the DM candidate from the background neutrino. In this
work we consider the scenario that no DM signals are reported in various DM direct detection
experiments and explore whether the collider searches could probe the DM under the neutrino floor.
We adopt several simplified models in which the DM candidate couples only to electroweak gauge
bosons or leptons in the standard model through high dimensional operators. After including the
RGE running effect we investigate constraints from direct detection, indirect detection and collider
searches. The collider search can probe a light DM below neutrino floor. Especially, for the effective
interaction of χ¯χBµνB
µν , current data of the mono-photon channel at the 13 TeV LHC has already
covered entire parameter space of the neutrino floor.
I. INTRODUCTION
The existence of dark matter (DM) has been well
established by numerous astrophysical and cosmological
observations, especially the very precise measurement of
the cosmic microwave background (CMB) [1, 2]. The
most popular and attractive DM candidates are the so-
called weakly interacting massive particles (WIMPs).
Assuming standard thermal history of cosmology, the
WIMPs produced in the early Universe through thermal
freeze-out naturally give the observed DM relic density
(“WIMP miracle”) [3]. Because of their weak interac-
tions with Standard Model (SM) particles, the WIMPs
with mass around 100 GeV would create significant
signals in direct and indirect detection experiments,
and they could also be copiously produced at high-
energy colliders. In the last two decades the precision
of DM direct detection experiments has been improved
significantly and is approaching the “neutrino floor”
which is an intrinsic background of the DM direct
detection [4–8]. However, till now, null results are re-
ported in all kinds of dark matter searching experiments,
which challenge the WIMP assumptions of the DM. As
demonstrated in Ref. [9], if the DM candidate couples
to quarks directly, the parameter regions to give right
relic density are not consistent with the null results of
direct detection, indirect detection, and collider searches.
That motivates us to consider about the possibility that
the DM candidate interacts only with electroweak gauge
bosons [10–27] or leptons in the SM [28–38].
Rather than focusing on specific DM models, we use
an effective field theory (EFT) approach to parametrize
the interactions of the DM candidate and the SM
particles at new physics scale Λ. More specifically,
the interactions with gauge bosons are described by
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dimension-7 operators, while the interactions with lep-
tons are described by dimension-6 operators. The DM
candidate is considered as the only new particle in the
energy relevant for current experiments, and those high-
dimensional effective operators are presumably generated
by new heavy particles of the dark sector which are much
heavier than the DM candidate. Even though the DM
candidate does not directly interact with quarks in the
SM, the quantum effects can induce such interactions
and yield a direct detection signal. Hence one important
question is that, when DM direct detection experiments
reach the neutrino floor, whether one can use other
experiments to explore the properties of DM.
One important feature is that energy scales involving
in different experiments are different. For instance, the
momentum exchange involved in DM-nucleus recoil is
O(100) MeV, while it isO(100) GeV in the LHC searches.
Different phenomena are created by operators generated
at different energy scales; These operators themselves
are related by renormalization group equations (RGE).
These loop effects or RGE effects have been widely
studied assuming DM interacts with gauge bosons [39–
41] and with leptons [42–45].
In this work, we evolve the RGE from the scale Λ down
to the direct detection scale µD. Physical observations,
calculated at corresponding energy scale, are compared
with experimental observations. We show that the
collider searches can explore some regions under the
neutrino floor.
The rest of the paper is organized as follows. In
Sec. II we give a brief description of DM interactions
with electroweak gauge bosons, identify the parameter
regions that could over close the universe, and that could
be explored by DM direct detection experiments and
LHC searches. In Sec. III, we repeat the calculations,
but for DM interacts with leptons, in that case we
also identify parameter regions that could be explored
by future electron-positron colliders and DM indirect
detection experiments. Finally, we conclude in Sec. IV.
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2II. DARK MATTER CANDIDATE COUPLES
TO GAUGE BOSON
We start with the case that the DM candidate is
a Dirac fermion (χ) and it interacts only with the
electroweak gauge bosons in the SM. We first analyze the
effective operators that could contribute to the DM direct
detection when gradually evolving from the new physics
(NP) scale Λ down to the scale µD, the characteristic
energy scale of the DM direct detection.
A. Operator analysis
At the level of dimension-5, there are only two
operators as follows:
χ¯γµνχBµν and χ¯γ
µνχB˜µν , (1)
where γµν ≡ [γµ, γν ]/4 and Bµν ≡ ∂µBν − ∂νBµ are
the field strength tensors of the U(1)Y gauge group.
These two operators correspond to the weak magnetic
dipole and electric dipole of DM, respectively, and induce
unsuppressed cross sections of the DM annihilation into
the γγ and γZ modes, yielding a significant line spectrum
of cosmic gamma-ray and thus are tightly constrained by
current indirect detection experiments [46]. At the level
of dimension-7, there are four scalar-type operators built
from χ¯χ or χ¯γ5χ as follows:
χ¯χBµνB
µν , χ¯χW iµνW
iµν ,
χ¯γ5χBµνB˜
µν , χ¯γ5χW iµνW˜
iµν , (2)
and six tensor operators constructed from χ¯γµνχ, which
are
χ¯γµνχBαµB˜
αν , χ¯γµνχW iαµW˜
iαν (3)
and
χ¯γµνχBµν |Φ|2, χ¯γµνχB˜µν |Φ|2,
χ¯γµνχWiµνΦ
†τ iΦ, χ¯γµνχW˜iµνΦ†τ iΦ. (4)
Here, W iµν ≡ ∂µW iν − ∂νW iµ + g2ijkW jµW kν is the
field strength tensor of the SU(2)L gauge group and
W˜ iµν is the corresponding dual tensor. The last two
operators in Eq. 2 and the two operators in Eq. 3 lead to
unsuppressed γγ and γZ signals, and the four operators
in Eq. 4 induce unsuppressed γh signals; therefore, they
are highly constrained and are ignored hereafter. For
more discussions and phenomena about these operators,
please refer to Ref. [40, 41, 47]. Finally, we end up with
only the first two operators in Eq. 2 and the Lagrangian
can be expressed as
Leff = CB
Λ3
χ¯χBµνB
µν +
CW
Λ3
χ¯χW iµνW
iµν , (5)
which yield velocity suppressed annihilation cross sec-
tions and therefore are free from the tight constraint of
the gamma ray line spectrum observations [46]. CB,W
denotes the Wilson coefficient of the corresponding
operator.
We assume only these two operators are generated at
the scale Λ when other new physics resonances much
heavier than Λ are all decoupled. Even though the DM
candidate χ and the SM quarks are not directly coupled
at the NP scale Λ, they are linked by quantum effects at
a lower scale through the RGE running. For example, as
shown in Ref. [41], two extra operators coupling the DM
candidate to quarks, i.e.
Oy = yqχ¯χq¯φq and Oφ = χ¯χ(φ†φ)2, (6)
are generated when evolving from Λ down to the weak
scale. Here, yq =
√
2mq/v is the Yukawa coupling and v
is the vacuum expectation value (VEV) of the SM Higgs
doublet φ. It is straightforward to show that, to the
leading logarithmic (LL) order, the Wilson coefficients of
the operator of Oy,φ and OB,W are related as follows:
Cqy(µ) '
3YqLYqRα1
pi
ln
(
µ2
Λ2
)
CB(Λ), (7)
Cφ(µ) ' −9α
2
1
2
ln
(
µ2
Λ2
)
CW (Λ), (8)
where YqL (YqR) are the hypercharges of the left-handed
(right-handed) quarks assigned as YuL = YdL = 1/6,
YuR = 2/3 and YdR = −1/3. α1 and α2 are the gauge
coupling constants of U(1)Y and SU(2)L gauge group,
respectively. At the weak scale µZ(≡ mZ), α1(µZ) '
1/98 and α2(µZ) ' 1/29.
After electroweak symmetry-breaking (EWSB), Bµ
and W 3µ mix into the photon field Aµ and massive gauge
field Zµ. The effect of Zµ decouples at lower scale below
µZ and the relevant operator basis become
OA = χ¯χFµνFµν , Oq = mqχ¯χq¯q. (9)
The matching conditions between these two operator
bases are
CA(µZ) = c
2
WCB(µZ) + s
2
WCW (µZ),
Cq(µZ) = C
q
y(µZ)−
v2
m2h
Cφ(µZ), (10)
where cW ≡ cosθW and sW ≡ sinθW are related to the
Weinberg angle θW .
Next, we further evolve RGEs from µZ down to the
hadronic scale µD ∼ 1 GeV at which the DM candidate
interacts with the nucleons. Oq will get contributions
from OA through exchanging of virtual photons [40]. To
LL accuracy,
Cq(µ) ' Cq(µZ) +
3Q2qα
pi
ln(
µ2
µ2Z
)CA(µZ) (11)
for mq < µ < µZ with Qq is the electric charge of quarks.
During the evolution of RGEs, heavy quarks in the SM
are integrated out, yielding an operator
OG = αsχ¯χGaµνGa,µν , (12)
3where Gaµν denotes the field strength of gluon. The
matching condition is given by the simple replace-
ment [48]
Ctmtχ¯χt¯t→ CGαsχ¯χGaµνGa,µν , (13)
with CG given at the leading order by
CG(mt) = − 1
12pi
Ct(mt). (14)
Finally, we end up with the operator basis consisting
of Oq, OA, and OG. The mixing of OG with Oq and
OA are subdominant and can be safely ignored. Taking
into account of the threshold effects at mb and mc which
contribute to OG, we obtain the final expressions for the
Wilson coefficients as follows:
Cq(µ) '
(
3YqLYqRα1
pi
CB(Λ) +
9α22
2
v2
m2h
CW (Λ)
)
ln
(
m2Z
Λ2
)
+
3Q2qα
pi
CA(µZ)ln
(
µ2D
m2Z
)
,
CG(µ) ' − 1
12pi
{(
α1
2pi
CB(Λ) +
27α22
2
v2
m2h
CW (Λ)
)
ln
(
m2Z
Λ2
)
+
α
3pi
CA(µZ)
[
ln
(
m2b
m2Z
)
+ 4ln
(
m2c
m2Z
)]}
. (15)
Figure 1 displays the RGE running of Wilson coefficients.
For simplicity, we consider one operator at a time, i.e.,
either CW = 0 (A) or CB = 0 (B), and fix the cut off scale
Λ to be 1000 GeV. In the case of CW = 0, the Willson
coefficients involving up-type quark (Cuy ) and down-type
quark (Cdy ) exhibit opposite sign as the hypercharges of
up-type quark and down-type quark are different; see
the red and blue curves in the top figure. The sign
difference remains unchanged even after the EWSB and
matching. However, running from the weak scale µZ
down to the hadronic scale µD, the correction of CA to
Cd is significant such that it changes the sign of Cd from
positive to negative. On the other hand, in the case of
CB = 0, both the Cu and Cd coefficients receive identical
contributions from Cφ while the contributions from CA
can be safely ignored; see the bottom figure.
B. Experimental searches
As an important approach to probe the DM candidate,
the direct detection experiments search for recoil signals
of target nuclei scattered off by incident DM particles.
Even though the DM candidate in our model does not
interact with quarks directly at the scale Λ, the direct
detection signal could be induced at the hadron scale. For
example, quantum loop effects induce the interactions of
the DM candidate with quarks and gluons, e.g., Oq and
OG in Eq. 9 and Eq. 12, which result in the interaction
between the DM candidate and nucleon. In addition, two
virtual photons exchange will induce interaction with the
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FIG. 1. Illustrations of running of Wilson coefficients for
CW = 0 (A) and CB = 0 (B).
entire nucleus, with interaction strength proportional to
the total electric charge Ze of the nucleus [39].
The contributions of these operators are coherent,
leading to the spin-independent (SI) cross section for DM
scattering with nuclei [39–41],
σSIN '
m2redm
2
N
piΛ6
∣∣∣∣αZ2A fNF CA(µD) + ZAfp + A− ZA fn
∣∣∣∣2,
(16)
where mred labels the reduced mass of DM-nuclei system
and mN is the mass of nucleon, f
N
F is the form factor
for photon and equals to 0.08 (0.12) for Xenon (Argon)
target. The form factor fN (N = p, n) describes the
interaction of the DM candidate to nucleon, and they
are related to the interactions with quarks through
fN =
∑
q=u,d,s
fNq Cq(µD)−
8pi
9
fNG CG(µD), (17)
where the nucleon form factors fNq ’s are given by [49]
fpd = 0.0191, f
p
u = 0.0153, f
n
d = 0.0273,
fnu = 0.0110, f
p
s = f
n
s = 0.0447, (18)
and
fNG = 1−
∑
q=u,d,s
fNq . (19)
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FIG. 2. Constraints in the mχ-CB plane (A) and mχ-CW
plane (B) with Λ = 1 TeV. Brown and green solid lines denote
the exclusion limits from the mono-photon [50] and mono-
jet [51] searches at the 95% confidential level at the 13 TeV
LHC, respectively. For the SI DM-nucleon scattering, recent
bounds from XENON1T [52], PandaX-II [53], and DEAP-
3600 [54] are shown. The gray shaded region denotes the
parameter space where the EFT is invalid, estimated as mχ >
Λ/2. For illustration the contours of the relic abundance,
Ωχh
2 = 0.1186, are also plotted; see the dark dashed curves.
The contributions of proton and neutron are separated in
Eq. 16 as the DM candidate couples differently to proton
and neutron.
Figure 2 displays the constraints on the Wilson
coefficients as a function of mχ at the 90% confidence
level (C.L.) from the PandaX-II [53], XENON1T [52],
and DEAP-3600 [54]. For illustration we fix the cutoff
scale as Λ = 1 TeV and CW = 0 (CB = 0) in the top
(bottom) of Fig. 2, respectively. Both the PandaX-II and
XENON1T experiments use the Xenon target, therefore,
the contributions of CA are enhanced by a relatively
large Z2 and dominate over the contributions of fp and
fn. On the other hand, the contributions of fp and fn
dominate in the DEAP-3600 experiment which uses the
Argon target. For illustration we plot the contours of the
correct relic abundance, Ωχh
2 = 0.1186± 0.0020 [2]; see
the Appendix for detailed calculations.
The yellow regions in Fig. 2 denote the so-called
neutrino floor, representing the WIMP-discovery limit
obtained by assuming an exposure of 1000 8B neutrinos
are detected on a Xenon target [8]. Recently, a few new
methods have been proposed to improve the sensitivity
of DM detection beneath the neutrino floor, e.g. using
the annual modulation signal [4], directional detection
methods [5, 6], or looking for a possible complementarity
between different target nuclei [8]; however, the power of
these methods is still limited. It is important to study
whether the collider search can probe the DM candidate
below the neutrino floor.
The processes of interests to us on the colliders are
qq¯/gg → χχ¯+ j and qq¯/gg → χχ¯+ γ, where j denotes a
light-flavor jet. The DM candidate often appears as an
invisible object on the colliders and yields a signature of
missing transverse momentum (/ET). The event topology
of the two signal processes consists of a large /ET with
either a hard jet or a hard photon. The former signature
is often named as “mono-jet” while the latter is called
“mono-photon”. For the model considered in this section,
operator OA will induce mono-photon + /ET signal, and
operators Oq and OG will induce mono-jet + /ET signal.
In order to get the sensitivities of LHC searches, we
perform collider simulations of the mono-jet and mono-
photon channels. The parton level events are generated
by MadGraph 5 [55], and PYTHIA 6 [56] is used to
deal with parton shower and hadronization. We adopt
Delphes 3 [57] to carry out a fast detector simulation
with a parameter setup for the ATLAS detector.
We follow the procedure of the ATLAS group of the
mono-photon + /ET [50] and mono-jet + /ET [51] analysis
with an integrated luminosity of 36.1 fb−1 at the
√
s =
13 TeV LHC. Figure 2 presents the exclusion limits
derived from the mono-photon search (brown) and the
mono-jet search (green) at the LHC. On the one hand,
it is hard to directly probe a DM candidate heavier than
about 2 TeV at the LHC as limited by the colliding
energy. On the other hand, when the DM is light,
say mχ . 100 GeV, the limits are independent of the
DM mass as the production cross sections are mainly
determined by the effective couplings. Obviously, the
collider search has a better sensitivity than the direct
detection experiments in the regime that the EFT is
valid, e.g. mχ . 2 TeV. We emphasize that the collider
searches can probe a light DM (mχ . 10 GeV) below
neutrino floor.
In the case of CW = 0, the sensitivity of the mono-
photon channel is much higher than the one of the
mono-jet channel, cf. Fig. 2(A). It can be understood
as follows. First, the mono-photon signal event can
be generated by the OA and Oq, while the mono-jet
signal event can be generated only by the Oq. Note
that the OA is directly linked with the OB , while the
Oq is generated through loop effects and is much smaller
than the OA; see Fig. 1(A). Second, the SM background
of the mono-photon channel is much cleaner than those
of the mono-jet channel, yielding a better sensitivity to
5the DM searches at colliders. As a result, the mono-
photon channel can cover the entire parameter space of
the neutrino floor.
In the case of CB = 0, the OA is suppressed by the
weak mixing angle after EWSB. On the other hand , the
Oq is slightly enhanced after matching at the weak scale.
As a result, the mono-photon and mono-jet channels
yields comparable sensitivities to the DM searches; see
Fig. 2(B). Even though both channels are better than
the DM direct detection experiments, they cannot reach
the neutrino floor for mχ & 10 GeV.
III. DARK MATTER CANDIDATE COUPLES
TO LEPTONS
In this section we study the scenario that a fermionic
DM (χ) interacts only with leptons at the NP scale Λ,
named as lepton-philic DM. Assume the DM candidate χ
interacts universally to all the leptons in the SM through
Lleff =
Cl
Λ2
∑
i
χ¯γµχ(liLγµl
i
L + e
i
Rγµe
i
R), (20)
where the summation over the three generations of
leptons in the SM is understood. Again, even though
the DM candidate does not directly couple to the SM
quarks at the scale Λ, the RGE running effects would
induce non-zero interactions between the DM candidate
and the quarks as follows:
Oiq = χ¯γµχqiLγµqiL,
Oiu = χ¯γµχuiRγµuiR, (21)
Oid = χ¯γµχdiRγµdiR.
At the first glance the DM candidate only sees the leptons
but is blind to the quarks; however, the connection
between the DM candidate and the SM quarks is built
through the operator χ¯ΓµχH†i
←→
D µH [44, 45].
The strategy of calculating the RGE running effects is
the same as the one described in the previous section.
After matching, the interactions of interests to us are
L ⊂ C
V
u
Λ2
χ¯γµχu¯γµu+
CVd
Λ2
χ¯γµχd¯γµd+
CVe
Λ2
χ¯γµχe¯γµe.
(22)
In principle both Yukawa interaction and gauge interac-
tion would influence the running of RGEs. However, in
the case that the DM candidate interacts equally to the
left-handed and right-handed leptons, the contributions
of the Yukawa interactions cancel in each generation [44].
As a result, the induced interactions in Eq. 22 are
independent of the quarks masses and yield identical
Wilson coefficients for the three generations. For the sake
of simplicity, we ignore the index of generation hereafter.
We follow Refs. [44, 45] and adopt the package
runDM [58] to perform a complete RGE running from
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FIG. 3. RGE running of Wilson coefficients of the effective
couplings of χ to the SM fermions.
the NP scale down to the scale of DM direct detections.
Figure 3 displays the Willson coefficients for different
operators. The upper quarks and down quarks pick up
opposite sign with strength different by a factor of 2 as
the electromagnetic interaction plays the leading role in
the RGE running [44].
Equipped with the effective couplings of the DM
candidate to the SM quarks, we are ready to discuss
the detection of the lepton-philic DM. First, consider the
direct detection experiment. Owing to the conservation
of vector current, both sea quarks and gluons inside
nuclei do not contribute. The contributions of all the
valence quarks add coherently, leading to the WIMP-
nucleus scattering cross sections as following:
σSIN =
m2red
piΛ4
∣∣∣∣ZACVp + A− ZA CVn
∣∣∣∣2. (23)
Here, CVp and C
V
n denote the interactions of the DM
candidate χ with proton and neutron, respectively. They
are related to the effective couplings of χ to the u quark
and d quark as follows:
CVp = 2C
V
u + C
V
d , C
V
n = C
V
u + 2C
V
d , (24)
where CVu and C
V
d can be approximated as [44]
CVu '
4α
3pi
Cl, C
V
d ' −
2α
3pi
Cl. (25)
Therefore, the interaction between χ and the neutron can
be safely ignored.
Figure 4 shows the bounds on the Wilson coefficient
Cl at the 90% confidence level obtained from various
direct detection experiments. The yellow shaded region
denotes the parameter space below the neutrino floor.
Similar to the case that DM candidate interacts only
with electroweak gauge bosons, the direct detection of
the lepton-philic DM cannot touch the neutrino floor.
Another way to search for the DM candidate is to exam-
ine high energy comic rays, gamma rays, and neutrinos
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FIG. 4. The bounds in the mχ-Cl plane with Λ = 1 TeV. The
brown dashed curve denotes the recent limit from the Fermi-
LAT gamma-ray observations about the dwarf galaxies [59],
and the cyan solid curve represents the projected sensitivity
of the mono-γ channel at the ILC.
induced by DM decays or annihilations in galactic and
extragalactic objects. In the lepton-philic model the
DM candidates predominantly annihilate into a pair of
leptons. The constraint on Cl from the indirect search
of the DM through the cosmic gamma-ray observation
by the Fermi-LAT collaboration [59] is plotted in Fig. 4;
see the brown dashed curve. Even though the DM
will annihilate into all the three generation leptons, the
τ+τ− channel dominates in the gamma-ray observations
as more photons are produced from the τ -lepton decay.
Unfortunately, the indirect search experiment cannot
reach the neutrino floor neither.
The effective couplings of χ to the SM quarks, given
in Eq. 21, give rise to the mono-jet signal at the LHC;
therefore, it yields a strong bound on Cl. See the green
curve in Fig. 4. It is obvious that LHC will constrain
the DM χ with a mass up to about 2 TeV. For mχ .
10 GeV, the LHC can probe the parameter space below
the neutrino floor.
The lepton-philic DM can be better probed at future
electron-positron colliders, e.g. CEPC [60] and ILC [61].
In this work we explore the potential of the ILC with√
s = 1 TeV and an integrated luminosity of 1 ab−1.
In order to identify the mono-γ signal, we require that
the signal event contains one energetic photon with
energy Eγ > 10 GeV and 10
◦ < θγ < 170◦, where
θγ is the polar angle between the hard photon and
the beam axis. We also require missing mass mmiss >
200 GeV, where the missing mass mmiss is defined as
mmiss =
√
(pe+ + pe− + pγ)2 with pe+ (pe−) is the 4-
momentum of the initial positron (electron) and pγ is
the 4-momentum of final photon [62]. The cyan solid
line in Fig. 4 represents the projected sensitivity of the
ILC experiment on Cl. The ILC has a better sensitivity
than the LHC for the DM candidate in the mass region
of interests to us, say mχ . 200 GeV; unfortunately,
the collider searches cannot reach the neutrino floor for
mχ & 10 GeV.
IV. CONCLUSIONS
With increasing exposures the sensitivity of direct
detection of dark matter (DM) candidate approaches
the so-called neutrino floor, below which it is hard to
distinguish the signal induced either by a DM candidate
or by a neutrino. In this study we consider a nightmare
scenario that all the direct detection experiments report
null results even though the detection sensitivity reaches
the neutrino floor. We demonstrate that the collider
searches can probe the parameter space under the
neutrino floor.
For illustration, we adopt two simplified models in
which the DM candidate only couples to electroweak
gauge bosons or leptons. Rather than focusing on a
specific theory model, we use an effective Lagrangian
approach to parametrize the interactions of DM with the
gauge bosons or the leptons in the SM at new physics
scale Λ, assuming all other heavy resonances in the UV
complete model decouple at the scale Λ. Specifically, we
consider two effective Lagrangians as follows:
LVeff =
CB
Λ3
χ¯χBµνB
µν +
CW
Λ3
χ¯χW iµνW
iµν ,
LLeff =
Cl
Λ2
∑
i
χ¯γµχ(liLγµl
i
L + e
i
Rγµe
i
R).
Even though the DM candidate does not couple to the
SM quarks directly at the scale Λ, it can interact with the
quarks and gluons in the SM through the RGE running
effects. In this work we evolve the RGE from high
scale Λ to the EWSB scale, match to the basis of mass
eigenstates, and then further evolve the RGE down to
direct detection energy scale. For simplicity we consider
one parameter at a time and set the other two coefficients
to be zero.
We investigate relevant constraints from the di-
rect/indirect detections and collider searches, and find
that the collider search has a better sensitivity than the
direct and indirect detection experiments in the regime
that the EFT is valid, e.g. mχ . 2 TeV. In all the three
simplified models the collider searches can probe a light
DM (mχ . 10 GeV) below the neutrino floor. More
interestingly, in the case of CB 6= 0 and CW = 0, the
current data of the mono-photon channel at the 13 TeV
LHC has already covered the entire parameter space of
the neutrino floor.
Acknowledgments. The work is supported in part by
the National Science Foundation of China under Grant
Nos. 11725520, 11675002, 11635001 and in part by the
China Postdoctoral Science Foundation under Grant No.
8206300015.
7Appendix A: DM annihilation and relic density
The relic abundance predicted by this model should
be smaller than the observed one reported by Planck
collaboration, Ωχh
2 = 0.1186 ± 0.0020 [2]. Assuming
DM particles are thermally produced in the early
Universe, the relic abundance is determined by their
thermally averaged annihilation cross sections at the
decouple epoch. If the annihilation cross sections are
too small, DM would be overproduced, contradicting the
observation.
The evaluation of DM density is determined by
the Boltzmann equations. Assuming standard thermal
history of the universe, the DM relic abundance can be
parameterized as [3, 63]
Ωχh
2 ' 1.04× 10
9 GeV−1(T0/2.725 K)3xf
Mpl
√
g?(xf )(a+ 3b/xf )
, (A1)
where xf ≡ mχ/Tf with Tf denoting the DM freeze-out
temperature. g?(xf ) is the effectively relativistic degrees
of freedom at the time of DM freeze-out. Mpl is the
Planck mass and T0 is the present CMB temperature.
a and b are the coefficients in the velocity expansion of
annihilation cross section σannv = a + bv
2 + O(v4). If
DM can annihilate into more than one channel, a and b
are the total coefficients of all open channels. In order to
calculate relic density for DM involving in this work, we
should firstly calculate the a and b coefficients in various
annihilation channels.
In the scenario DM interacts with electroweak gauge
bosons, DM can annihilate to γγ, ZZ, γZ, and W+W−.
After EWSB, Bµ and W
3
µ mix into the photon field Aµ
and massive gauge field Zµ. The effective interactions in
terms of physical fields Aµ and Zµ are
L ⊃ CA
Λ3
χ¯χFµνF
µν +
CγZ
Λ3
χ¯χFµνZ
µν
+
CZZ
Λ3
χ¯χZµνZ
µν +
CW+W−
Λ3
χ¯χWµνW
µν (A2)
with Fµν = ∂µAν − ∂νAµ, Zµν = ∂µZν − ∂νZµ, and
Wµν = ∂µW
+
ν − ∂νW−µ . The matching conditions for
interactions involving neutral gauge boson are
CA = CBc
2
W + CW s
2
W ,
CγZ = 2sW cW (CW − CB),
CZZ = CBs
2
W + CW c
2
W . (A3)
Interaction with W bosons only origins from
CW χ¯χW
i
µνW
iµν , leading to CW+W− = CW .
The coefficient a vanishes in each channel, and the
leading contribution to 〈σannv〉 is from the p-wave. The
coefficients b’s for the annihilation channels of χχ→ γγ,
χχ→ ZZ, χχ→ γZ and χχ→W+W− are
bχχ→γγ =
C2Am
4
χ
piΛ6
,
bχχ→ZZ =
C2ZZρZm
4
χ(8− 8xZ + 3x2Z)
8piΛ6
,
bχχ→γZ =
C2γZρ
2
γZ(4− xZ)2
32piΛ6
,
bχχ→W+W− =
C2W+W−ρWm
4
χ(8− 8xW + 3x2W )
4piΛ6
, (A4)
where xZ/W ≡ m2Z/W /m2χ, ρZ/W ≡
√
1−m2Z/W /m2χ,
and ργZ ≡
√
1−m2Z/4m2χ.
Summing over all the annihilation channels and writing
the coefficients b’s in terms of CB and CW , we obtain
bB =
1
pi
m4χ
Λ6
(
c4w + s
4
w
ρZ(8− 8xZ + 3x2Z)
8
+
c2ws
2
wβ
2
γZ(4− xZ)2
8
)
C2B ,
bW =
1
pi
m4χ
Λ6
(
s4w + c
4
w
ρZ(8− 8xZ + 3x2Z)
8
+
c2ws
2
wβ
2
γZ(4− xZ)2
8
+
ρW (8− 8xZ + 3x2Z)
4
)
C2W ,
bBW =
1
pi
m4χc
2
ws
2
w
Λ6
(
1 +
ρZ(8− 8xZ + 3x2Z)
4
− β
2
γZ(4− xZ)2
4
)
CBCW .
(A5)
Loop-induced annihilations to quarks and gluons are
subdominant and can be safely ignored. It is known
that when CW = 0, the annihilation channel of γγ
always dominates, and the constraint on CB is roughly
proportional to the inverse of m2χ. While in the case
CB = 0, the annihilation channel of γZ or W
+W−
will dominate once the channel opens, explaining the
behavior of relic density curve with mχ around 80 GeV
in Fig. 2(B).
In the case that the DM candidate interacts with
leptons, DM decays to leptons directly, with a and b
8coefficients given by
a =
1
2piΛ4
∑
l
C2l ρl(2m
2
χ +m
2
l ), (A6)
b =
1
2piΛ4
∑
l
C2l ρl(2m
2
χ +m
2
l )
−4 + 2m2f/m2χ + 11m4f/m4χ
24(1−m2f/m2χ)(2 +m2f/m2χ)
.
Here the sum is performed over all lepton flavors.
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